Abstract-We explore the femtosecond laser-induced modifications (i.e., morphology, crystallization, and nanostructure) in Li2O-Nb2O5-SiO2 glass at high-repetition-rate (1030nm, 300fs, 300 kHz) to get insight on the ultrafast lasermatter interaction according to pulse energy and writing configuration. Three-dimensional SHG patterns with controllable angular dependence were achieved. Electron backscatter diffraction indicated that the angular dependence was associated to preferential nanocrystals orientation: crystal polar axes are distributed within a plane perpendicular to the incident laser polarization direction.
INTRODUCTION
Femtosecond (fs) laser direct writing of bulk transparent materials has received intense attention because of its unique properties and promising applications in optical waveguides, data storage, and microfluidic systems. Remarkably, it is an excellent method to obtain modifications in three-dimension (3D) with micron or nano-scale spatial resolution [1] . It provides a significant approach to fabricate devices with the unique properties of miniaturization and multifunctionalization including active optical devices. Unfortunately due to random disorder, a glass exhibits inversion symmetry such that second harmonic generation (SHG) is forbidden. However, by irradiation with a tightly focused femtosecond (fs) laser, it is possible to induce nonlinear optical crystal precipitation, in order to break the inversion symmetry and thus to induce SHG [2] . Therefore, here, we present a systematic investigation of the modifications in LNS glass by fs laser irradiation (1030nm, 300fs, 300 kHz) with various pulse energies (0.3-2.2 µJ/pulse) and laser polarization (parallel or perpendicular to scanning direction). Scanning electron microscope (SEM), electron backscatter diffraction (EBSD), and transmission electron microscopy (TEM) are used to extract information on morphology, crystallization, and nanostructure on the laser-induced modifications in LNS glass. SHG and EBSD were combined to determine the distribution of nanocrystals and their non-linear optical response.
II. EXPERIMENTAL DETAILS
In this work we applied the procedure described below in the glass system Li2O-Nb2O5-SiO2 that allows the formation of LiNbO3 crystal, a highly nonlinear optical one. The procedure is thus the following: 1) adjustment of the glass chemical composition for obtaining a glass sensitive enough to fs laser. 2) control of the laser parameters (pulse duration, pulse repetition rate, speed of beam scanning, pulse energy…) for obtaining nanocrystals with correct space distribution and size. In addition, the size of the affected zone has to be limited. 3) control of the orientation of the nanocrystals. We will show that it is possible to fulfill this condition by controlling the laser polarization orientation. This has been achieved by electron backscatter diffraction method (EBSD) coupled to scanning transmission electron microscopy (STEM/EDS) and transmission electron microscopy. In other words, this process can be controlled with light directly. 
III. RESULTS AND DISCUSSION
We explore the femtosecond laser-induced modifications (i.e., morphology, crystallization, nanostructure and SHG) in lithium niobium silicate glass at high-repetition-rate (1030nm, 300fs, 300 kHz) to get insight on the ultrafast laser-matter interaction according to pulse energy and writing configuration (laser polarization direction versus scanning one).
Depending on the pulse intensity (0.3-2.2 µJ/pulse at 1030 nm, 300 fs, 300 kHz, 5 µm/s, focus depth ~ 350 μm, and 0.6 NA), the fs-laser induced modifications in LNS glass show three regimes with three thresholds (illustrated in Fig. 1 ). The first threshold is the occurrence of amorphous state modification (like glass fictive temperature). The second threshold (i.e. 0.5 µJ/pulse) is the occurrence of LN crystals in LNS glass. Below this threshold, the glass fictive temperature is modified and thus some physical properties (regime 1): the glass gets larger sensitivity to the chemical etching (HF). When pulse energy is slightly higher than the second threshold (i.e. 0.5-0.9 µJ/pulse, in regime 2), nanocrystals are observed distributed with polar axis perpendicular to laser polarization direction, no matter the laser polarization or scanning direction are. Moreover, these textured nanocrystals are embedded in lamella-like amorphous phases [3] . This polarization dependent nanocrystal orientation can be explained by fs laser-induced torques on the nanocrystal electric dipole. This self-assembled nanostructure consisting of quasi-periodic phase changes can induce a form birefringence in the irradiated line with slow axis perpendicular to laser polarization direction [4] .
The third threshold (1.0 µJ/pulse) is defined by the occurrence of crystallization without self-organized nanostructure. When increasing the pulse energy (i.e. 1.0-2.2 µJ), the quality of crystallization is dependent on the writing configuration: textured crystals when laser polarization is parallel to scanning direction, but random ones when laser polarization is perpendicular to scanning direction. In both cases, the crystals are distributed in lamella-like amorphous phases. In regime 2 or 3, the orientation of nanostructure can be controlled by laser polarization direction but regime 2 is more adapted if crystal orientation is required for the applications. Moreover, these textured nanocrystals lead to controlled second harmonic generation (SHG) of crystalline line in LNS glass [5] . In particular the angular dependence of the second harmonic generation (SHG) in a silica-based glass suitable for LiNbO3 precipitation after femtosecond (fs) laser irradiation has been investigated. Fig. 2 displays the normalized SHG intensity of irradiated lines as a function of probing laser polarization azimuth, γ. SHG curves are probing polarization dependence: a well-defined cosine-like curve with a period of 180°, indicating a textured crystallized material rather than randomly orientated crystals. When fixing the scanning direction (e.g., θ=45°), but rotating the incident laser polarization angle, φ, from 0° to 135°, the probing laser polarization angle for achieving minimum SHG intensity, noted γmin is changing. SHG reaches the maximum intensity when the probing laser polarization is closely perpendicular to incident laser polarization. Electron backscatter diffraction revealed that nanocrystals produced by the fs laser irradiation were oriented under the effect of an incident laser polarization modified by an effect of the scanning direction during fs laser irradiation process. Polar axes of nanocrystals distributed around a plane perpendicular to the incident laser polarization direction. This investigation will allow evaluating the technology potentiality in industrial fabricating SHG waveguides.
IV. CONCLUSION
The main discovering is the possibility to orient the maximum intensity of SHG. This is achieved by orienting the nanocrystal with the laser polarization. This is the first example of effective effect of laser polarization in material science. A discussion has been presented, including the mechanism for tentatively explaining the above observations. The main force would be the effect of the electromagnetic polarization of the writing laser on the anisotropic induced dipole. In addition, EBSD coupled to scanning transmission electron microscopy (STEM/EDS) and transmission electron microscopy revealed an orientable microstructure similar to the one called nanogratings appearing in silica. The originality here is a textured nonlinear optical nanocrystals embedded in a network of "walls" made of vitreous phase, aligned perpendicular to the laser polarization direction. It results that birefringence and nonlinear optical property can be mastered in the same time. These findings highlight spectacular modifications of glass by fs laser radiation. With further improvements in the fabrication techniques, the application of this work is to achieve SHG waveguide and birefringence-based devices and others 3D nonlinear optical devices).
